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MODULAR, WIRELESS DAMAGE 
MONITORING SYSTEM FOR STRUCTURES 

This application claims priority from US. Provisional 
Patent Application No. 60/057,901 ?led Sep. 4, 1997 Which 
is incorporated herein by reference. 

This invention Was supported by Grant No. CMS 
9526102 aWarded by the National Science Foundation. The 
US. Government has certain rights in the invention. 

BACKGROUND 

Recent earthquakes have caused extensive damage to 
large metropolitan areas. In 1989, the Loma Prieta earth 
quake caused selective damage to critical arteries in the 
transportation systems in the San Francisco Bay Area and 
underscored the need for rapid screening of structures and 
lifelines. The Northridge earthquake in 1995 caused signi? 
cant problems With Welded connections in steel frame build 
ings. The underlying damage Was not manifested due to the 
architectural coverings of these buildings. Therefore, this 
potentially life-threatening damage Went undetected for 
months exposing thousands to unnecessary risk. The Kobe 
earthquake in Japan in 1996 brought extensive damage to 
transportation and other lifelines throughout the area. In 
addition, there Was a lack of action in the ?rst 24 hours after 
the event. 

Clearly, extreme events, i.e. natural disasters such as 
earthquakes, hurricanes, tornados and ?oods, can have seri 
ous negative impact on society by causing human suffering 
and economic losses. In addition, danger is also posed by 
long-term deterioration of large civil structures, especially 
on exposed skeletal structures such as bridges. A number of 
collapses and failures have occurred over the last feW 
decades pointing to the need for the remote detection and 
diagnosis of bride structures. 

With the signi?cant negative impact that extreme events 
and long term deterioration can have on the built 
environment, monitoring of civil structures holds promise as 
a Way to provide critical information for near real-time 
condition assessment. This information can be used in the 
prudent allocation of emergency response resources after 
earthquakes and for identi?cation of incipient damage in 
structures experiencing longp-term deterioration. There is an 
economic and societal need to improve the response and 
condition assessment capabilities immediately folloWing 
earthquakes and to extend the useful life of current infra 
structure. 

The vast majority of knoWn Work on monitoring civil 
structures has focused on developing algorithms to advance 
the detection and diagnosis of damage to structures. Little 
Work has been done, hoWever, to advance the hardWare 
platform used to gather the data used by these algorithms. 
Many of the existing monitoring algorithms and strategies 
assume a sophisticated hardWare infrastructure that has large 
up-front cost, loW cost to bene?t ratio, costly system 
installation, and expensive life-cycle operation and mainte 
nance. 

In particular, the current state-of-the-art hardWare systems 
for monitoring structures use cables to transmit sensor signal 
data to a central unit. Monitoring civil structures, hoWever, 
involves many long lengths of cable to cover the large 
spatial distances. In addition to being expensive to install, 
these cables can fail due to exposure to the environment or 
potential damage during extreme events. Long cables also 
result in sensor signal degradation. Current monitoring 
systems are not capable of providing rapid condition screen 
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2 
ing of structures exposed to extreme events in near real time, 
i.e., in tens of minutes. KnoWn analysis procedures for 
long-term monitoring are limited to tWo classes, either 
modal or physical engineering parameter based, such as 
strain or corrosion sensing. Monitoring strategies in the past 
have focused largely on one class or the other. Both have 
shoWn promise in laboratory experiments but fall short When 
applied to generic real World civil structures. 
The most common monitoring system is the heating, 

ventilation, and air conditioning system (HVAC) found in 
some homes and most commercial buildings. This monitor 
ing system acquires data from its sensors, thermostats, and 
then adjusts the temperature of the forced air in the room 
through a simple threshold analysis technique. Other 
examples include home and of?ce security systems. These 
monitoring systems acquire data from the passive infrared 
devices in rooms and contact surfaces near doors and 
WindoWs to determine if a person has entered the area or is 
attempting to enter the area. In each case, the core charac 
teristics are the ability to sense an external physical quantity, 
temperature, humidity, heat, or contact, and to perform 
useful actions or make useful analysis for presentation to the 
user. In the case of monitoring civil structures, hoWever, the 
degree of sophistication in the instrumentation and the 
computational and data processing needs are far greater due 
to the increased number of instruments and the algorithms 
used. 

Today’s monitoring systems for civil structures are exten 
sions of the laboratory based instrumentation systems. As 
shoWn in FIG. 1, they are characteriZed as having central 
iZed data acquisition device 10 connected to various sensors 
12 through cables 14. The cables are usually shielded 
coaxial cable. The most commonly used sensor for moni 
toring vibrations in civil structures is the accelerometer. The 
accelerometer is a transducer that converts the local accel 
eration ?eld into an electrical signal proportional to the input 
acceleration. Common sensor designs are based on the use 

of pieZo-electric, pieZo-resistive, force-balance, and capaci 
tive principles. These accelerometers output an analog sig 
nal that needs to be sampled and digitiZed for use in modern 
data processing systems. The conduit betWeen the sensor 
and the data acquisition is usually, in the case of civil 
structures, a long shielded cable. The length of this cable can 
range from 10 to 1000 feet in practice. For a large number 
of sensor locations, the cabling requirements scale quite 
poorly. With all of the analog signals available at the 
centraliZed data acquisition system, an analog to digital 
converter is used to discretiZe the analog Waveforms. The 
discretiZed data is then processed and archived for later 
analysis. 

For systems With greater than 16 channels, it is common 
to have a data acquisition mainframe that accepts several 
cards or modules for acquiring groups of 8 or 16 channels at 
once. The mainframe Will hold several of these cards giving 
the entire system a channel count near 64 channels. The cost 
of the mainframe and the incremental cost of each additional 
card or module represent step increases in cost and capacity 
limits for the monitoring system. For example, a mainframe 
With four 8-channel data acquisition modules can acquire 32 
channels of data simultaneously. The need to add one more 
channel requires the purchase of an additional 8-channel 
module, representing approximately a 20% increase in cost. 
Due to the Wide application of these instrumentation 

systems, they are designed With maximum data sampling 
rates in the ten’s of kHZ. These rates are appropriate for 
applications in automotive and aerospace industries, but 
Well above the need of monitoring civil structures for global 
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vibrational quantities. With sampling rates in the ten’s of 
kHZ and signi?cant channel counts a high bandwidth bus is 
necessary betWeen the data acquisition mainframe and the 
data storage devices. Traditionally, this has also required the 
use of a Unix based Workstation for data transmission and 
analysis. These instrumentation schemes are appropriate for 
controlled and ?xed laboratory settings. Operating these 
systems in the ?eld creates obstacles and problems for Which 
the instrumentation Was not originally designed. 

The Wealth of sophisticated hardWare in these systems 
places great requirements on the data acquisition softWare. 
Fortunately, instrumentation vendors such as HeWlett Pack 
ard provide their oWn data acquisition and storage softWare. 
This softWare runs from the Unix Workstation and con?g 
ures the data acquisition mainframe and coordinates the 
transfer and storage of the acquired data. This completes the 
instrumentation component of a monitoring system. 

With the data archived in the storage devices of the Unix 
Workstation, a number of analysis procedures can be done to 
process the data and extract meaningful results. For the 
periodic monitoring of civil structures, it is typical to per 
form a modal analysis of the recorded acceleration time 
histories. There are a number of commercial softWare pack 
ages available for modal analysis, each With their oWn 
merits. In many cases, the modal analysis is just the ?rst step 
in the data analysis. 

With modal analysis the resulting information are the 
modal frequencies, mode shapes, and modal damping. This 
information can be used as input to a variety of engineering 
analysis procedures from ?nite element models (FEM) to 
fatigue mechanisms to constitutive models. In addition, 
current modal information can be combined With previous 
information in a Bayesian frameWork to make better esti 
mates of probable damage locations and severity. In general, 
the use of these analysis procedures requires a great amount 
of familiarity With the speci?c structure and engineering 
judgement in the analysis process. 

At this stage, the user of the monitoring system has taken 
raW digitiZed data and extracted the relevant engineering 
quantities from the data. This information can be used to 
improve the design and characteristics of the structure, infer 
locations of damage and deterioration, and calibrate math 
ematical models of the structure. 

The application of conventional monitoring systems to 
civil structures creates many obstacles and problems. Per 
haps the single largest problem is the installation of these 
systems. Maintenance and environmental exposure are also 
recurring issues. 
Installation 

Given a structure to monitor and the ?nancial resources to 
purchase a monitoring system, the ?rst task is to install the 
instrumentation on the structure. Initially, this process seems 
straightforWard, simply attach the sensors to the structure. A 
closer look reveals the problems With conventional moni 
toring systems applied to civil structures: the labor cost of 
installing the units in dif?cult locations and then routing the 
necessary cabling back to the centraliZed data acquisition 
system. For large structures, the cost of installation 
approaches 25% of the total cost [Lee, 1997]. For a typical 
modal analysis the installation time, Whether for a building 
or bridge, consumes over 75% of the total testing time. In 
existing buildings, the installation process is complicated by 
the need to ?nd adequate locations for the instrumentation 
and conduits through Which to Wire the system together. In 
bridges, the problem is further complicated by the skeletal 
nature of these structures. There is often no existing conduit 
or obvious Way to route cabling [Farrar, 1996]. 

10 

15 

25 

35 

45 

55 

65 

4 
Maintenance 
With the monitoring system installed, the concern shifts to 

the cost of maintenance and required readiness of the 
system. For bridges, the main concern and consequent cost 
is the exposure of the sensors and cabling to the external 
environment. Speci?cally, the repeated changes in tempera 
ture and humidity, and exposure to corrosive and direct 
sunlight signi?cantly speed the degradation of sensors and 
cables. Given the already high cost of installation, returning 
to the structure on a regular basis to replace cables and 
sensors presents a formidable barrier to the practical appli 
cation of these systems. For buildings, the problem is not the 
exposure to the external environment but to the other 
deniZens of the building, namely rodents [Nigbor, 1997]. 
The coaxial cables of a conventional monitoring system that 
run in the conduits Within a building can be damaged by 
rodents. A monitoring system designed With civil structures 
in mind should focus on mitigating the maintenance issues 
thereby increasing the reliability. 
Additional Constraints 

There are tWo additional constraints that conventional 
monitoring systems present. These problems are not speci?c 
to the civil monitoring scenario but to the architecture of the 
system itself. Often in experimental testing of structures, 
there is the desire to add several more channels of instru 
mentation after the initial installation. With a conventional 
instrumentation system, the desire to add one more channel 
to a system of 32 channels may require the purchase of an 
entire data acquisition module for the mainframe. This is the 
“One more Channel” situation. In effect, there is no ability 
to add capacity to the monitoring system. 
One operational constraint is the long distances over 

Which the analog signals travel. In industrial settings or 
exposure to thermal gradients, the analog signals may 
become noisy and degrade due to coupled noise sources near 
the cable path. Finally, given the nature of the instrumen 
tation and the Unix Workstation needed to transfer the data 
from the mainframe usually via a bus interface, the cost of 
these components has not decreased appreciably When com 
pared to PC hardWare. 

SUMMARY 

The primary object of the present invention is to develop 
a structural monitoring system that provides near real-time 
structural condition assessment for extreme events, as Well 
as long term deterioration information to structural inven 
tory managers. Achieving this dual purpose is critical, as 
structural inventory managers are unlikely to employ tWo 
distinct systems for condition assessment. Currently, no 
structural monitoring system exists that employs the same 
technologies and that provides the same potential bene?ts. 

Given the current obstacles in monitoring civil structures, 
it is an object of the invention to provide a structural 
monitoring system that overcomes the disadvantages of the 
prior art. Accordingly, the present invention provides a 
system for monitoring structural properties of a large civil 
structure during structural overloading caused by a natural 
haZard or other extreme event. The system comprises a 
plurality of self-poWered sensor units and a site master unit. 
Each sensor unit comprises a mechanical vibration sensor 
mechanically coupled to the civil structure and producing an 
analog electrical signal representative of mechanical vibra 
tions in a localiZed area of the civil structure. A data 
acquisition circuit is electrically coupled to the mechanical 
vibration sensor and produces from the analog electrical 
signal a digital data stream representative of the mechanical 
vibrations. A digital Wireless transmitter coupled to the data 
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acquisition circuit produces from the digital data stream a 
Wireless signal containing digital information in the digital 
data stream. The sensor unit is self-poWered by an electrical 
battery supplying poWer to the data acquisition circuit and to 
the radio transmitter. The site master comprises a digital 
Wireless receiver coupled to the Wireless signal of each 
sensor unit and reproducing the digital information of each 
sensor unit. A microprocessor coupled to the receiver is 
programmed to collect and analyZe the digital information 
from the plurality of sensor units. In addition, a more 
poWerful computer may be interfaced With the master unit to 
doWnload data that has been pre-processed and stored at the 
site master, and to provide more sophisticated data analysis. 

In a preferred embodiment of the invention, shoWn in 
FIG. 2, a monitoring system comprises a collection of sensor 
devices 16 that can acquire and transmit data over a Wireless 
data link to a central site master device 18 for analysis. In 
contrast With prior techniques, the data acquisition and a 
portion of the data analysis takes place at the sensor units 16 
rather than at a central location. The Sensor Units 16 
communicate With the Site Master 18 Which coordinates the 
entire system. The design of the system solves the current set 
of problems With prior centraliZed monitoring systems. The 
monitoring system of the present invention is applicable to 
the tWo major types of haZards facing the built environment: 
long term deterioration from processes such as corrosion and 
fatigue, and eXtreme events from processes such as earth 
quakes that impart overloads to the structure. 

BRIEF DESCRIPTION OF THE DRAWING 
FIGURES 

FIG. 1 shoWs a conventional monitoring system used for 
civil structures. 

FIG. 2 shoWs a modular, Wireless monitoring system 
according to the present invention. 

FIG. 3 is a block diagram shoWing the functional layout 
of a sensor unit according to the present invention. 

FIGS. 4A—4C are memory maps for the 3 sockets, U2, U3, 
and U4 in the NMIT-0022 board used in a preferred embodi 
ment of the invention. 

FIG. 5 is a schematic diagram of an analog voltage supply, 
regulation, and reference circuit used in a preferred embodi 
ment of the present invention. 

FIG. 6 is an overvieW of the distribution of softWare 
functionality in a preferred embodiment of the invention. 

FIG. 7 illustrates a packet exchange protocol used in a 
preferred embodiment of the present invention. 

FIG. 8 illustrates a transmit data packet syntaX used in a 
preferred embodiment of the present invention. 

FIG. 9 illustrates a data protocol used in a preferred 
embodiment of the present invention. 

FIG. 10 illustrates a layered communications technique 
implemented in a preferred embodiment of the invention. 

FIG. 11 is a schematic diagram of a data acquisition 
interface used in a preferred embodiment of the present 
invention. 

FIG. 12 is a schematic diagram of a triggering circuit used 
in a preferred embodiment of the present invention. 

FIGS. 13A—13C depict a hypothetical 8 story building, 
shoWing placement of sensors on the various ?oors. 

FIG. 14 is a How chart of an eXtreme event monitoring 
procedure according to a preferred embodiment of the 
present invention. 

FIG. 15 is a How chart of an periodic monitoring proce 
dure according to a preferred embodiment of the present 
invention. 
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DETAILED DESCRIPTION 

The present inventors have recogniZed several technolo 
gies that have emerged and created the opportunity to 
develop a monitoring system that has neW con?gurations 
and characteristics. In particular, three technologies contrib 
ute signi?cantly toWard creating neW monitoring systems for 
civil structures: Wireless communication, embedded 
systems, and miniaturiZed sensors. 
Wireless Communication 

The use of Wireless communication for the transmission 
of data is a fundamental step toWard the system designed in 
the preferred embodiment of this invention. Wireless com 
munication is critical to reducing the instrumentation prob 
lems that civil structures present. Situations of large dis 
tances betWeen instrumentation points, dif?cult routing and 
environmental eXposure are better handled With a Wireless 
communication system. The Wireless communication tech 
nologies available commercially span a Wide range of data 
rates and transmission distances. In the case of instrument 
ing civil structures, the ability to span distances of hundred’s 
of feet and operate Without license from the Federal Com 
munications Commission (FCC) are desirable. In addition, 
features such as noise immunity and a small form factor are 
desirable in a ?eld application. The technology With the 
most promise for the use of instrumenting and monitoring 
civil structures is the spread spectrum products commer 
cially available, at present, operating in the Industrial, 
Scienti?c, and Medical Band (ISM) at 902—928MhZ. The 
FCC has allocated this frequency spectrum for the operation 
of devices With output poWer less that 1 Watt. In 
performance, this technology is characteriZed by the ability 
to transmit data up to 1000 feet and at data rates, in 
commercial products, similar to computer modems. Given 
the eXpected data rates and distances betWeen instrumenta 
tion points for this application, the spread spectrum Wireless 
communication is Well suited. It Will be appreciated, 
hoWever, that embodiments of the invention may use other 
types of Wireless communication technologies Well knoWn 
in the art. 
Embedded Systems 
The use of computation in products of all types is rapidly 

groWing. This is largely due to manufacturing ef?ciencies 
and microprocessor innovations in the semiconductor indus 
try. The promise of computational poWer everyWhere is the 
essence of embedded systems. Embedded systems are a 
groWing ?eld characteriZed by the increase in functionality 
of products through the use of computation and improved 
user interfaces. Embedded systems are different from PCs in 
that embedded systems may not have a traditional keyboard 
or monitor as input/output devices and usually have the 
capability to acquire digital or analog input and control other 
devices. In consumer products the objective is to hide the 
computational component and focus on the interface. Com 
mon eXamples of embedded systems include ABS brakes in 
cars, information kiosks, and keypad interfaces on consumer 
appliances. For eXample, the ABS braking system in a car 
takes input from the brake pedal and sensors that measure 
physical quantities such as Wheel torque. The embedded 
microprocessor then calculates the appropriate braking 
response and controls the disk or drum brake mechanism, 
achieving near optimal braking results. 

In the application to monitoring civil structures, the 
objective is to utiliZe the general input/output nature of 
embedded systems and the computational component to 
arrive at a Wholly neW architecture for monitoring. In 
particular, With a monitoring system based on Wireless 
communication and embedded systems, it is possible to 
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move the data acquisition of the system forward toward the 
sensors and to perform a portion of the computation locally 
in an embedded microprocessor and overcome several prob 
lems at once. This concept of pushing data acquisition and 
computation forward is fundamental to the design of the 
system of the invention and represents a departure from the 
conventional instrumentation design for monitoring civil 
structures. The use of embedded systems allows for the 
development of modular, decentraliZed data acquisition sys 
tems. 

Miniature Sensors 
The development of miniature sensors within the last 

decade has been largely achieved through advancements in 
the design and manufacture of mechanical as well as elec 
trical components. For this description, miniature is roughly 
de?ned as achieving a form factor smaller than a 1-inch cube 
and preferably much smaller. One enabling trend in minia 
turiZation of sensors has been for the use of silicon as the 
source of the mechanical system as well as the supporting 
electronics. This area of research is known as Micro elec 
tromechanical systems (MEMS). 
MEMS hope to deliver more accurate and sensitive sen 

sors in form factors and unit costs not previously possible 
with other technologies. There is a suite of applications from 
medical actuators to disk drive heads that stand to bene?t 
greatly from the miniaturiZation of the mechanical sensor 
and coupling to electronics. The preferred embodiment of 
the present invention makes use of miniaturiZed sensors as 
a way to achieve a given performance level while reducing 
the unit cost and overall form factor of instrumentation. At 
the same time, it will be appreciated that other types of 
sensors may be used in alternate embodiments of the inven 
tion. 

For the preferred embodiment, the measured physical 
parameter of interest is acceleration. This is due to the large 
body of research and data based on the use of acceleration 
for vibrational studies of structures. The measurement of 
acceleration is currently a signi?cant ?eld of research for the 
miniaturiZation of sensors. The applications of miniaturiZed 
accelerometers range from navigation to medical devices to 
space exploration. Commercially available miniature accel 
erometers fall into two classes: small pieZo electric trans 
ducers or MEMS. Currently, the available pieZo-electric 
accelerometers do not share the same coupling of the sensor 
electronics and economies of scale as the MEMS type 
accelerometers. Therefore, the sensing needs of this study 
will focus solely on the use of commercial MEMS type 
accelerometers. 

Transduction mechanisms for MEMS accelerometers are 
based on either changes in capacitance or resistance. In 
general, capacitive MEMS transducers are lower in power, 
allow for closer integration of electronics, and are more 
immune to temperature changes than resistive MEMS 
designs. 
Of direct interest to the preferred embodiment of this 

invention was departing from the use of large force balance 
accelerometers, approximately ten’s of cubic inches, to 
miniature sensors with promising performance and econo 
mies of scale. One class of accelerometers is quite applicable 
for use in monitoring civil structures. Research initially 
conducted to achieve low cost and reliable air bag sensors 
for automobiles shows promise in application to structural 
monitoring. Typically, sensors for air bag systems are silicon 
micro-machined and designed for 50 to 100 g impacts over 
frequency ranges from 10 HZ to several kHZ. By adjusting 
the mechanical structures that comprise the accelerometer, 
the useful frequency range can be shifted toward lower 
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8 
frequencies and acceleration ranges consistent with moni 
toring civil structures. Given the design constraints for the 
air bag sensor, these sensors are already low cost, small, and 
have interfaces designed for embedded microprocessors. 
Therefore, they are particularly suitable for monitoring civil 
structures. 

Detailed System Design 
For simplicity, the Wireless, Modular Monitoring System 

described as a preferred embodiment of this invention will 
be referred to as WiMMS. Those skilled in the art will 
recogniZe many obvious variations and alterations of the 
preferred embodiment described herein. In addition, it will 
be appreciated that numerous obvious improvements and/or 
adaptations of the invention to speci?c circumstances or 
uses are within the skill of the average engineer familiar with 
the art of structural monitoring. 
The design of the Sensor Unit and the Site Master 

represent the functional building blocks upon which to 
develop appropriate monitoring strategies and analysis tools 
for the periodic and extreme event scenarios. 
The general system design parameters of the preferred 

embodiment are shown in Table 1 below. 

TABLE 1 

Design Parameter Quantity or Quality 

Sensor and Data Acquisition 
Resolution 
Sensors per Sensor Unit 
Wireless Communication 
Data Rate 
Number of Sensor Units 
per structure 
Power Source 
Form Factor 
Data Acquisition Rate 
Computational Power 

16 bits, or approximately 90 to 100 dB 

At least four 
At least 14.4 Kbps 

Greater than 10, less than 100 

Battery, life expectancy in years 
Less than 20 cubic inches 
At least 200 HZ 
Ability to perform FFFs and 
similar tasks 
At least 100 feet 
At least 8 MB 
Within 0.1 milliseconds 
Less than 0.001 g to a few g’s 
Within 30 minutes 

Distance between Units 
Data Logging Memory 
Sensor Unit Synchronization 
Accelerometer Dynamic Range 
Near Real-Time Performance 

Sensor Unit 
A key component of this invention is the Sensor Unit. 

There are several observations that can be made which are 
the basis for the design principles of the Sensor Unit and the 
WiMMS. 

The unit cost of computational and data acquisition com 
ponents is negligible in comparison to the cost of 
sensors and wireless communication components. 

The largest stumbling block is the transmission, through 
wire or otherwise, of the recorded sensor signals. There 
is a great need to alleviate the cabling problems on civil 
structures. 

The sensing components are becoming much better in 
terms of packaging, resolution, dynamic range, and 
cost when purchased in large industrial quantities. 

Few, if any, monitoring systems are tailored to the spe 
ci?cs of this application to large structures in terms of 
signal characteristics, sensor separations, the number of 
sensors, and the power requirements. 

From these observations, it can be concluded that a small 
set of design principles for the Sensor Units of the WiMMS 
can be established: 

1. Computation and data acquisition should be moved 
forward in the system toward the sensors themselves 
and away from a centraliZed data acquisition. 
























